Rates of malignant melanoma are continuing to increase, and until recently effective treatments were lacking. However, since 2011 three immunotherapeutic agents, known as checkpoint inhibitors, have been approved. This review aims to establish whether these three drugs -ipilimumab, nivolumab, and pembrolizumab -offer greater efficacy and tolerability compared to control interventions (placebo, immunotherapy, or chemotherapy) in patients with stage III or IV unresectable cutaneous melanoma. Materials and methods: A search on four major medical and scientific databases yielded 7,553 records, of which seven met the inclusion criteria, with a total study population of 3,628. Only prospective Phase II or III randomized controlled trials on checkpoint inhibitors for patients with unresectable cutaneous melanoma that reported data on survival (overall or progressionfree), tumor response, or adverse events were included. Three meta-analyses were carried out. Results: The hazard ratio for progression or death was 0.54 (95% confidence interval [CI]: 0.44-0.67), and the odds ratio for best overall response rate was 4.48 (95% CI: 2.77-7.24), both in favor of checkpoint inhibitors. However, control treatments were associated with an insignificantly lower rate of discontinuation of treatment due to adverse effects or treatment-related adverse events (odds ratio =1.63 [95% CI: 0.55-4.88]). Conclusion: This study finds that checkpoint inhibitors are more effective than control interventions, both in terms of survival and tumor response, and yet no less tolerable. PD1 therapies (nivolumab and pembrolizumab) appear to offer greater efficacy than CTLA4 therapy (ipilimumab). The combination of nivolumab and ipilimumab was, however, the most effective, but significantly less tolerable than monotherapy. The lack of published clinical data does, however, limit this study. Further research is needed in two areas in particular: 1) to determine the optimal use of checkpoint inhibitors, specifically in terms of combination therapy, and 2) to identify reliable biomarkers to predictive responders and guide treatment assignment.
Introduction Melanoma
Melanoma is a malignant neoplasm arising from melanocytes, the melanin-producing cells of the body. Over the last half century, the incidence of melanoma in most developed countries has risen more than any other form of cancer, with rates increasing by 360% in the UK since the late 1970s. [1] [2] [3] The current World Health Organization (WHO) estimates are that 132,000 melanomas occur each year around the world, resulting in 65,000 deaths annually. 4, 5 While genetic and phenotypic factors, such as T-cell activation and inhibition. CTLA4 is a coinhibitory receptor present on the cell surface of CD4 + and CD8 + T cells that acts to dampen down the immune response. CTLA4 expression is upregulated by increased T-cell activation and an inflammatory environment, suggesting that it acts as a physiological brake on immune response. Through higher affinity for CD80 and CD86 ligands present on antigen-presenting cells and tumor cells, CTLA4 is able to outcompete the costimulatory receptor CD28 for binding, and thus negatively regulates T-cell activation. 16, 17 Similarly, PD1 receptors expressed on T cells and other immune cells generate a coinhibitory signal upon binding to their ligands, PDL1 and PDL2, resulting in direct inhibition of tumor apoptosis, T-cell exhaustion, and conversion of effector T cells to regulatory T cells. 18 Melanoma cells are able to hijack this system, for example, by expressing coinhibitory molecules within the tumor microenvironment. This dampens down the immune response, and thus hampers effective tumor clearance. 19, 20 Ipilimumab, a fully human IgG 1 monoclonal antibody that targets CTLA4, along with nivolumab and pembrolizumab, humanized IgG 4 monoclonal antibodies that target PD1, prevent the interaction between coinhibitory molecules and their receptors, thereby releasing the brake on the body's natural defense to tumors. 21, 22 Ipilimumab received US Food and Drug Administration (FDA) approval in 2011 and pembrolizumab and nivolumab in 2014 for the treatment of unresectable or metastatic melanoma. Nivolumab is also licensed for combination therapy with ipilimumab, as well as for non-small-cell lung cancer (as is pembrolizumab) and renal cell cancer. [23] [24] [25] All three drugs are also recommended for use by the National Institute for Health and Care Excellence in the UK. 26 
Rationale
Given the increasing rates of melanoma and the poor prognosis of advanced disease, checkpoint inhibitors have the potential to improve patient outcomes greatly. Therefore, a comprehensive overview of the evidence on the efficacy and tolerability of this drug class is needed to ascertain its value and identify any gaps in knowledge requiring further research and investigation.
Objectives
For this reason, this systematic review and meta-analysis aims to answer the question: Do the three currently approved checkpoint inhibitors -ipilimumab, nivolumab, and pembrolizumab -offer greater efficacy and tolerability compared to control Notes: A tumor-specific T-cell receptor (TCR) interacts with a tumor antigen presented on a major histocompatibility complex (MHC), initiating T-cell activation. Activation is incomplete, though, without additional costimulatory signaling through, for example, the interaction between the CD28 receptor and the B7 molecule. However, coinhibitory signaling occurs between PDL1/2 and the PD1 receptor, and CTLA4 outcompeting CD28 for B7 binding. The balance is shifted in favor of T-cell activation through the use of monoclonal antibodies (anti-PD1 and anti CTLA4) that inhibit the interaction between immune checkpoint molecules and their inhibitory receptors, thereby restoring the antitumor immune response. 
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Checkpoint inhibitors for malignant melanoma interventions, consisting of a placebo, another immunotherapeutic agent, and/or chemotherapy (Table 1) , in patients with stage III or IV unresectable cutaneous melanoma, in terms of progression-free and overall survival, tumor response, and discontinuation rates? The specific objectives were thus to identify all relevant studies and to use quantitative methods to compile their results. Any heterogeneity in the results between individual drugs and studies are also explored, in order to assess between-drug differences in efficacy and tolerability. Finally, the findings of this study are placed in their context, and areas requiring further research explored. The authors hypothesize that checkpoint inhibitors would be found to be both more effective and tolerable than control treatments.
Materials and methods

Study identification
An electronic search was carried out on four databases: A similar search strategy was conducted for all databases, consisting of various iterations of the drug names (for example, ipilimumab, MDX-010, MDX-101, Yervoy, and BMS-734016) and of melanoma (Supplementary materials Appendix A for full list). No limits in terms of date ranges or "NOT" search terms were used. The reference lists of other articles identified as relevant were manually screened for any missing studies.
Study selection
Search results were exported to Microsoft Excel and duplicates removed, before a first screening of the title and abstract of the remaining reports was conducted, wherein those that did not pertain to cutaneous malignant melanoma and/or checkpoint inhibitors, were not original research, were not available in English, or had a clearly inappropriate study design according to the inclusion and exclusion criteria were removed. The remaining articles were reviewed in their entirety and assessed according to the inclusion and exclusion criteria, as listed in Table 2 . Two investigators, working independently, carried out the study selection, and came to a combined decision on the eligibility of studies when there were any differences of opinion.
Assessment of study quality
Using the 2010 CONSORT (Consolidated Standards of Reporting Trials) checklist, 27 compromising 25 items related to the design, analysis, and interpretation of randomized controlled trials, the quality of all studies included was assessed. A test of the strength of correlation between study quality and primary efficacy outcome was carried out, in order to assess whether lower quality studies may have biased the results of the meta-analysis (Supplementary materials online [Section A] for full details). 
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Karlsson and Saleh A risk-of-bias assessment at the study level was carried out, using the criteria provided in Review Manager (version 5.3). The risk of bias across studies was also assessed by funnel plots to test for the presence of publication bias (Supplementary materials [Section D]), and by examining the source of funding for all included studies.
Data collection
Baseline participant-demographic data and outcome data were extracted into separate spreadsheets. No data were extrapolated or directly extracted from graphs. When multiple sets of data were reported, the data judged as the most robust and unbiased were extracted, for example, independent review committee's data over investigatorassessed data.
Outcomes
The outcomes of this study relate to the efficacy and tolerability of checkpoint inhibitors compared to control interventions:
• Primary outcome { Survival -hazard ratio (HR) for progression or death • Secondary outcome { Tumor response -odds ratio (OR) for best overall response rate (BORR) { Tolerability -OR for rates of discontinuation due to adverse effects or treatment-related adverse events
The primary outcome used HRs for progression or HRs for death, based on progression-free survival (PFS), and overall survival (OS), respectively. While OS is defined as the time from randomization to death from any cause, PFS is the time from randomization to first disease progression or death from any cause, whichever comes first. Due to the disparity in the reporting of end points in the literature and to ensure an adequate sample size, these end points were combined for the primary outcome meta-analysis. Importantly, a meta-analysis has shown that for melanoma, PFS is a reliable surrogate for OS, with correlation coefficients of 0.55-0.96. 28 Where both end points were reported, 21, 29 the HR for progression was used, meaning that for only one study 15 was the HR for death used ( Table 3 for an overview of outcomes reported in each study).
The secondary outcome on tumor response used BORR, defined as the proportion of patients with a partial or a complete response as assessed by the revised RECIST (Response Evaluation Criteria In Solid Tumors, version 1.1) criteria 30 for five studies or the modified WHO criteria 31 for two studies. The secondary outcome on tolerability was rate of discontinuation due to adverse events, or specifically treatment-related adverse events. The latter was used when available, meaning that for only one study 29 were data on rates due to adverse events used. 
Statistical analysis
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The weight of each study was automatically calculated as the inverse variance of the effect estimate, meaning studies with narrower CIs were more heavily weighted.
Due to the inherent heterogeneity from combining three different drugs, the intervention treatments could not be said to be functionally equivalent, meaning a random rather than a fixed effects model was used. Tests of heterogeneity were performed on Review Manager. I 2 was the measure used, as it emphasizes the effect of heterogeneity, rather than merely reporting its presence. 33 
Missing data
Attempts were made to contact four corresponding authors to request missing or unreported data, all without success.
Results
Included studies Study selection
A total of 7,553 records across four databases were identified, with seven studies ultimately meeting the inclusion criteria, as seen in Figure 2 , where the number of studies identified, reviewed, and excluded at each stage of the study selection is listed. After duplicates were removed, 4,947 records were screened and 295 full-text articles assessed for eligibility.
Study design
All seven studies that met the inclusion criteria were randomized, controlled Phase II or III trials, five of which were double-blinded, one completely open-labeled, 22 and another partially open-labeled. 34 Two studies included only ipilimumab, two only nivolumab, one only pembrolizumab, and two both ipilimumab and nivolumab. The control arms consisted of a placebo and checkpoint inhibitor in two studies, Gp100 (peptide cancer vaccine) and placebo in one study, dacarbazine alone or with a placebo in two studies, and investigator-choice chemotherapy in two studies, as illustrated in Table 1 . Three studies had three treatment arms, meaning a choice was made by the investigators as to which arms to compare. 15, 34, 35 For the Hodi et al study, 15 ipilimumab + Gp100 was compared to Gp100 alone, in order to isolate the effects of ipilimumab. For the Larkin et al study, 35 the combination arm (nivolumab + ipilimumab) was compared with ipilimumab to isolate the effects of nivolumab, as comparison with nivolumab would fail to isolate the effects of ipilimumab, given the different nivolumab doses used in the two arms. Lastly, for the Ribas et al study, 34 the approved dose of pembrolizumab (2 mg/kg) was compared to investigator-choice chemotherapy, rather than pembrolizumab 10 mg/kg.
In total, data from 3,628 patients were included. The mean age across the seven studies was 56.2-61.7 years, and the mean proportion of female participants was 38%, as shown in Supplementary materials, Table 1 , Appendix B. The TNM (tumor, node, metastasis) system for melanoma by the American Joint Committee on Cancer was used in all included studies, with 2,383 patients classified as M1c and 1,143 patients classified as M0, M1a, or M1b.
All seven studies were included in the primary outcome analysis on survival and the secondary outcome analysis on tumor response, with one study reporting OS and the rest PFS. For the secondary outcome on tolerability, the Hodi et al 15 study did not report data on discontinuations due to adverse events or treatment-related adverse events, as illustrated in Table 3 , and was thus not included in the secondary outcome analysis on tolerability. 
Did not report the 95% confidence intervals necessary to calculate the standard error to construct a forest plot, meaning the hazard ratio for death data was used instead. Green ticks represent outcomes reported and data used in meta-analysis, and black ticks represent outcomes that were reported but data not used in the meta-analysis.
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Study quality
The mean score across the seven studies for the 2010 CONSORT checklist was 64.4%, with only one study scoring <60%. The three parameters of the CONSORT checklist that were consistently done poorly, however, were providing a hypothesis or objective, describing the randomization procedure, and identifying any weaknesses or limitations in the study. There was a positive correlation (Pearson's r=0.57) between the CONSORT checklist score and the HR for the primary efficacy outcome, wherein the lower quality studies reported more significant HRs (ie, closer to 0).
Heterogeneity
As seen in Table 4 , there was a significant heterogeneity in all meta-analyses. Removing the lowest quality study as 
Notes:
The top boxes show the number of records identified in each of the four databases, followed by the total number of records, before and after duplicates were removed. The number of records screened and excluded on the basis of the title and abstract follows, along with the reasons for exclusion. Below this is the number of full-text articles assessed for eligibility, and the number of those excluded, with reasons as listed. Seven studies were included in the qualitative and quantitative synthesis (meta-analysis).
Records identified
From Embase
Duplicates removed
Records excluded in primary screen
Records excluded in secondary screen
Records screened in title and abstract
Records screened in full text
Studies included in meta-analysis (n=2,606) (n=4,652) 
Meta-analysis results
Primary outcome -hazard ratio for progression or death
This study found that median OS and PFS were consistently greater in the checkpoint inhibitor arms than in the control arms, with an overall HR of 0.54 (95% CI: 0.44-0.67) in favor of checkpoint inhibitors, as seen in Figure 3 . The greatest advantage for checkpoint inhibitors was seen in the two studies comparing the combination of nivolumab + ipilimumab to ipilimumab monotherapy, which, if assuming an additive effect as opposed to a synergistic effect, isolates the effects of nivolumab. 35, 36 In one of these studies, the PFS in the combination arm, 11.5 (95% CI: 8.9-16.7) months, was only significantly superior when compared to the ipilimumab and placebo arm (2.9 [95% CI: 2.8-3.4] months), but not the nivolumab and placebo arm, (6.9 [95% CI: 4.3-9.5] months). 35 The third greatest benefit for checkpoint inhibitors was seen for the comparison of nivolumab with dacarbazine. 29 No statistically significant difference was found for PFS in the one study comparing two different doses of a checkpoint inhibitor (pembrolizumab). 34 The only study to cross the line of no effect was the fully open-labeled study, 22 which reported data for only a portion of its study population (182 of 405), and thus had a markedly wider CI. The I 2 score was 91%, reflecting the poor alignment of CIs among the studies.
Secondary outcome -tumor response
Similar to the primary outcome on survival, all studies reporting BORR found that checkpoint inhibitors were superior to control interventions. The meta-analysis showed an overall effect estimate of OR =4.48 (95% CI: 2.77-7.24) favoring checkpoint inhibitors, as seen in Figure 4 . Only two studies, both of which had ipilimumab as the checkpoint inhibitor, failed to show a statistically significant advantage, one compared to Gp100 vaccine, 15 and the other to dacarbazine. 
Study or subgroup
Hodi et al 15 Larkin et al 35 Postow et al 36 Ribas et al 34 Robert et al 21 Robert et al 29 Weber The greatest tumor response was seen in the two studies combining nivolumab and ipilimumab (57.6% and 58.9%), 35, 36 but the BORR with nivolumab alone was more than twice as great as with ipilimumab alone (43.7% vs 19.0%) in the one study reporting both. 35 The BORR in the chemotherapy arms was 4.5%-13.9%), but dacarbazinespecific arms had a narrower spread (10.3%-13.9%). 21, 22, 29, 34 Four studies had appreciably larger CIs, all of which had smaller control arms with fewer objective responses. 15, 22, 34, 36 The I 2 score was 72%, suggesting moderate heterogeneity, but this was reduced to 0 after removing the two studies assessing the tumor response of ipilimumab.
Secondary outcome -tolerability
Unlike the previous two meta-analyses, the overall effect estimate for discontinuation due to adverse effects and treatment-related adverse events was OR =1.63 (95% CI: 0.55-4.88), insignificantly in favor of the control intervention compared to checkpoint inhibitors, as seen in Figure 5 . Three studies favored control treatment, and three favored checkpoint inhibitors, but all of the latter crossed the line of no effect. These three studies all compared either nivolumab or pembrolizumab monotherapy to chemotherapy. Both studies comparing a combination of ipilimumab and nivolumab to ipilimumab alone found that more patients discontinued in the combination arms. The CIs were poorly aligned, with a high heterogeneity score -I 2 =93%. In the one study reporting both tolerability end points, the order for discontinuations due to specifically treatmentrelated adverse events was pembrolizumab 10 mg/kg > chemotherapy > pembrolizumab 2 mg/kg. However, for discontinuation due to all adverse events, chemotherapy rather than pembrolizumab 2 mg/kg caused the lowest rate of discontinuation.
Bias
The risk of bias was assessed at both study and outcome levels, and in addition to this the presence of publication bias was assessed. As seen in Figure 6 , most bias domains (selection bias, performance bias, attrition bias, reporting bias, and other bias) were marked as low or unclear risk, but three studies had one domain each marked as high risk. An unclear risk of bias was defined as a risk that was greater than low, but not sufficient to be considered high. At the study level, the Larkin et al and Postow et al studies 35, 36 had the lowest risk of bias, while the Weber et al study 22 had the highest (Supplementary materials [Section C] for full riskof-bias tables).
At the domain level, random sequence generation and allocation concealment were done well, while blinding of participants and personnel and blinding of outcome assessment were done poorly, as shown in Figure 7 . Incomplete outcome data were marked as "unclear risk of bias" for all seven studies, for not adequately explaining why some patients were not evaluated or included in the analysis. All studies were funded by and designed in collaboration with the pharmaceutical company that developed or marketed the checkpoint inhibitor, which was noted under the "other bias" domain. The risk-of-bias or CONSORT quality scores were not used in the weighting of the meta-analyses, and are discussed only as part of the qualitative assessment of the studies included. Figure 4 Forest plot for secondary outcome analysis on tumor response. Notes: Odds ratios for best overall response rate on the x-axis, and results from all seven studies shown with blue dots representing the effect estimate and lines through them representing 95% CIs. The percentage weight is listed next to each study. Data on the heterogeneity of the meta-analysis are shown at the bottom left, with the relevant measure being the I 2 score. The black diamond represents the overall effect measure, which lies clear of the line of no effect, showing a benefit for checkpoint inhibitors compared to control interventions, with an overall odds ratio of 4.48 (95% CI: 2.77-7.24). Abbreviations: MH, Mantel-Haenszel; CI, confidence interval.
Study or subgroup
Hodi et al 15 Larkin et al 35 Postow et al 36 Ribas et al 34 Robert et al 21 Robert et al 29 Weber 
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Publication bias
In assessing the presence of publication bias, the funnel plot for the primary outcome meta-analysis shows an even spread of studies on either side of the overall effect estimate line, as seen in Figure 8 . There was a lack of low-quality studies with widespread effect estimates, reflecting the scarcity of published data. There did not, however, appear to be any significant publication bias. The funnel plots for the secondary outcome analysis on tumor response and tolerability ( Appendices A and B, Supplementary materials [ Section D]) were also spread evenly around their respective overall effect-estimate lines, but less closely clustered together, due to the greater disparity in the standard error of the log OR . There were too few studies in all of the meta-analyses carried out for any formal tests of funnel plot asymmetry to be performed.
Discussion
Checkpoint inhibitors used in the treatment of unresectable stage III and IV melanoma have been found to be more effective, as determined by prolonged survival times and improved tumor responses, and yet no less tolerable than control treatments in meta-analyses of seven randomized controlled trials. The discussion is divided into three sections: one exploring the results of the meta-analyses; another exploring the limitations of this study arising due to bias in the included studies, the outcomes used, and limitations at the review level; and one placing the findings of this study in their wider context and exploring the future directions of checkpoint inhibitors in the treatment of melanoma. Notes: Odds ratios for rates of discontinuation due to adverse and treatment-related adverse events along the x-axis, and results from the six studies reporting a tolerability end point, shown with blue dots representing effect estimates and lines through them representing 95% CIs. Percentage weight is listed next to each study. Data on the heterogeneity of the meta-analysis are shown at the bottom left, with the relevant measure being the I 2 score. The black diamond represents the overall effect measure, which lies toward the right, favoring control interventions, but crosses the line of no effect, meaning the results are statistically insignificant, with an overall odds ratio of 1.63 (95% CI: 0.55-4.88). Abbreviations: MH, Mantel-Haenszel; CI, confidence interval.
Study or subgroup
Larkin et al 35 Postow et al 36 Ribas et al 34 Robert et al 21 Robert et al 29 Weber 
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Meta-analyses
Efficacy
The HR for progression or death was 0.54 (95% CI: 0.44-0.67), and the OR for BORR was 4.48 (95% CI: 2.77-7.24), both in favor of checkpoint inhibitors. The two studies finding the greatest benefit in terms of survival and tumor response both compared the combination of nivolumab and ipilimumab to ipilimumab alone, 35, 36 suggesting that combination therapy is superior to ipilimumab monotherapy. However, the rates of discontinuation were significantly greater in the combination arms in both studies (ORs: 3.3 and 4.18, respectively).
Given that the greatest benefit was seen in the combination studies isolating the effects of nivolumab, followed by the two studies comparing nivolumab to dacarbazine 29 and pembrolizumab to investigator-choice chemotherapy, 34 one could suggest that anti-PD1 monoclonal antibodies are more effective than anti-CTLA4 monoclonal antibodies. However, comparing combination therapy A + B to drug A in order to isolate the effects of drug B assumes that the drugs have an additive rather than a synergistic effect. Additionally, the superiority of pembrolizumab over ipilimumab was not statistically significant, as the CIs overlapped.
Nonetheless, the Larkin et al study 35 found that combination therapy vs ipilimumab and vs nivolumab yielded an HR of 0.42 (95% CI: 0.31-0.57) and an HR of 0.74 (95% CI: 0.6-0.92), respectively, indicating that while combination therapy was undoubtedly the most effective, those on nivolumab compared more favorably than those on ipilimumab. Moreover, the direct comparison of nivolumab and ipilimumab monotherapies gave a significant advantage to nivolumab, with an HR for progression of 0.57 (95% CI: 0.43-0.76). 35 Taken together with the weakest benefit for checkpoint inhibitors coming from studies with ipilimumab in the experimental arm (with exception of the Weber et al study, 22 due to its markedly wider CIs), PD1 therapy does in fact appear to be superior to CTLA4 therapy.
Data from the secondary meta-analysis on tumor response showing that both studies on ipilimumab failed to find statistically significant advantages over control treatments further suggests that ipilimumab lacks efficacy compared to the PD1-targeted therapies. 15, 21 This is despite the clear benefit of ipilimumab on PFS and OS, which raises the question of whether the two commonly used criteria for evaluating tumor response are suitable for checkpoint inhibitors. Unlike traditional cytotoxic agents, immunotherapies may mediate Notes: Each study is represented by a circle, with the HR for progression or death (ie, the result) along the x-axis and the SE of the natural logarithm of the HR (ie, the reliability) on the y-axis. The smaller the log HR SE, the more reliable the results from those studies are, meaning less reliable studies will be found closer to the x-axis. There is an even spread of studies on either side of the vertical blue line, representing the overall effect estimate (HR =0.54). Abbreviations: HR, hazard ratio; SE, standard error. 
335
Checkpoint inhibitors for malignant melanoma cytostatic rather than cytotoxic effects, or cause delayed tumor shrinkage due to the time lag between the disinhibition of the immune response and subsequent antitumor effects, meaning the traditional criteria may miss the positive effects of immunotherapies. [37] [38] [39] New immunorelated response criteria (irRECIST) has been developed to capture better the atypical tumor responses seen with immunotherapeutic agents. 40 None of the remaining studies failed to find statistically significant differences in BORR, although these studies used the RECIST criteria, while the ipilimumab studies used the modified WHO criteria. If, however, one assumes that this disparity was not due to the different criteria being used, given the data in (Table 4 Supplementary materials [Section B]), showing that the BORR for ipilimumab monotherapy was virtually the same in two studies, one using the modified WHO criteria 15 and the other the RECIST criteria 36 (10.9% and 10.6%, respectively), a reasonable interpretation is that PD1 therapy was again shown to be superior to CTLA4 therapy. A third plausible explanation is that differences in response kinetics are such that nivolumab and pembrolizumab are simply more suitable for evaluation with traditional criteria than ipilimumab is, and thus that no inference can be made about their relative efficacy based on this particular parameter. 41 
Tolerability
For the secondary outcome analysis on tolerability, checkpoint inhibitors were shown to be insignificantly inferior to control interventions for rates of discontinuation due to adverse events or treatment-related adverse events (OR =1.63, [95% CI: 0.55-4.88]). Importantly though, all three studies favoring control interventions compared combination therapy to monotherapy, which would naturally have made the monotherapy control arm appear more tolerable. 21, 35, 36 The three studies favoring checkpoint inhibitors compared either pembrolizumab 34 or nivolumab 22, 29 to chemotherapy, and although this may suggest superior tolerability compared to ipilimumab, differences in trial design prohibit such a conclusion. The three studies on PD1 therapy all compared monotherapy to chemotherapy, while the study on ipilimumab compared the combination of chemotherapy and ipilimumab to chemotherapy alone, where the monotherapy arm would naturally be expected to be more tolerable. Nonetheless, data in Table S5 (Supplementary materials [Section B]) show that 14.8%-17.4% discontinued ipilimumab monotherapy due to treatment-related adverse events across two studies 35, 36 compared to only 2.2% for pembrolizumab 34 and 2.6%-7.7% for nivolumab. 22, 35 While comparing data directly across studies is confounded by differences in study design, the Larkin et al study did in fact have both a nivolumab and an ipilimumab-monotherapy arm, and yet almost twice as many patients on ipilimumab discontinued due to treatment-related adverse events (46 of 311), as did patients on nivolumab (24 of 313). 35 There is thus reason to suspect that ipilimumab may be less tolerable than the two PD1-targeted therapies, although checkpoint inhibitors as a class were not shown to be significantly less tolerable than control treatments.
Heterogeneity
As was highlighted in the Results section, the heterogeneity of the meta-analyses was significant. For the primary outcome analysis, heterogeneity was I 2 =91%. However, when the three drugs are considered separately, the studies on each drug are well aligned, despite the different control interventions and the use of HRs for death rather than progression in one study. 15 Similarly, the substantial heterogeneity for the secondary meta-analysis on tumor response (I 2 =72%) was reduced to 0 upon excluding the two ipilimumab studies. 15, 21 This suggests firstly that the heterogeneity stems from the combination of different checkpoint inhibitors into one arm rather than inconsistent effect estimates from individual studies, and secondly that the two end points for the primary meta-analysis (OS and PFS) were sufficiently similar to combine.
Limitations Bias
The studies included in this systematic review and metaanalysis were of good quality, scientifically rigorous, and at low risk of bias. A further exploration of the bias assessment does however show that certain bias domains were more relevant than others, and that the most relevant domain varied between the different outcomes.
The primary outcome on survival and the secondary outcome on tumor response were objective outcomes where the impartiality of assessment of progression of disease and tumor response were vital, meaning the most relevant bias domain was blinding of outcome assessment. While most studies had an independent central review (ICR), five of seven studies were marked as unclear risk of bias, mostly due to the failure to specify who conducted the ICR. One study used only investigator-assessed tumor response, and did not specify whether they remained blinded during assessment, and was thus marked as high risk of bias. 29 The impact on the results was, however, believed to minor, given that firstly the 
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Karlsson and Saleh one study marked as high risk produced results on par with other studies, and secondly the failure to specify who sat on the ICR does not necessarily mean that they were either unqualified or biased.
The secondary outcome on tolerability was more subjective, meaning blinding of participants and personnel was the most important bias domain. Five studies were marked as low risk of bias, but two studies were completely or partially open-label and were thus marked as high risk of bias. 22, 34 Patients in the chemotherapy arms of these two trials may have been more likely to report adverse events, given that chemotherapy is commonly known to cause side effects. As these two studies were among the only three studies favoring checkpoint inhibitors, the results of this meta-analysis may have been biased in favor of checkpoint inhibitors. The third study favoring checkpoint inhibitors was, however, doubleblinded, and the common denominator identified previously was that these were the only studies that compared checkpoint inhibitor monotherapy to control treatment.
All studies were marked as unclear risk under the "other bias" domain, due to the funding being provided by the patent-holding pharmaceutical company, who in collaboration with the authors was responsible for the study design, data collection, and analysis of results. On a study level, it is not possible to determine whether this potential bias was relevant or not, although it is noteworthy that all high-quality data on checkpoint inhibitors for melanoma were funded by the pharmaceutical industry.
Outcomes
At the outcome level, the use of PFS and thus HRs for progression as a surrogate for the gold standard end point, OS and HRs for death, was necessary, given the lack of published data on OS, but nonetheless a limitation. While a meta-analysis has shown that PFS is a reliable surrogate marker and that the correlation is stronger for melanoma than for any other cancer, only studies with dacarbazine in the control arm and only one study assessing a checkpoint inhibitor (ipilimumab) were included. 28 The atypical tumor responses seen with immunotherapy make it possible for patients to be prematurely marked as progressing, even though a positive late response may still occur. This uncertainty is compounded by the use of different checkpoint inhibitors with different kinetics in both the experimental and control arms. The same applies for the secondary outcome on tumor response, wherein the use of the RECIST or modified WHO criteria may fail to capture the delayed response of checkpoint inhibitors. 40, 42 However, the direction of bias is such that if anything, the efficacy of checkpoint inhibitors would be underestimated, given that patients would have shorter PFS and a lower BORR if they were prematurely evaluated as having progressive disease. In fact, the HRs for progression were less substantial, that is, closer to 1, than the HRs for death in the studies that reported both end points, meaning this potential limitation did not impact the overall findings of this study. 15, 21, 29 
Review
At the review level, weaknesses include high heterogeneity, which may reduce the credibility of a meta-analysis and suggest that the studies are too dissimilar to pool. However, the studies on each individual drug produced similar results, suggesting that the studies were not producing randomly spurious results, and that the heterogeneity was a reflection of genuine differences among the three drugs. This study has compensated for the inherent heterogeneity from combining three drugs by firstly reviewing the results of each drug separately and comparing against one another, and secondly by not assuming a common effect estimate, and thus choosing a random effects model.
A second potential limitation is that in four of seven studies, the combination of a checkpoint inhibitor and control treatment was compared to the control treatment alone, in order to isolate the effect of the checkpoint inhibitor. This, however, assumes that the drugs do not act synergistically, which would exaggerate the effect of the checkpoint inhibitor. There is limited evidence on whether checkpoint inhibitors act in an additive or synergistic way when combined with chemotherapy or another immunotherapeutic agent. In a mouse model with a peritoneal ID8 tumor, a α-PD1 monoclonal antibody was shown to produce synergistic effects when combined with trabectedin, and separate to this, the combination of inefficacious doses of anti-PD1 and anti-CTLA4 antibodies were able to reduce tumor volume in a mouse significantly. [43] [44] [45] This is, however, weak evidence, and in this review only two studies allowed for an evaluation of synergism, with neither providing especially convincing evidence. The Larkin et al study 35 showed that in the combination arm, PFS was slightly greater (11.5 vs 9.8 months) but BORR slightly lower (57.6% vs 62.7%) than the combined sum of the monotherapy arms, while the Hodi et al study 15 found that both were lower. The assumption of an additive effect is thus unlikely to have significantly biased the results of this study.
The relatively low number of studies (seven) and total participants (3, 628) 
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Checkpoint inhibitors for malignant melanoma assessing the tolerability of ipilimumab is another limitation. Lastly, the presence of reporting bias, specifically in the form of time-lag bias, is also relevant, as median OS data are yet to be released for several studies. Based on the funnel plot, as shown in the Supplementary materials (Section D), there was, however, no significant publication bias.
Context and future directions
The results of this study support FDA and European Medicines Agency (EMA) approvals and National Institute for Health and Care Excellence recommendations for ipilimumab, nivolumab, and pembrolizumab. 26 Previous systematic reviews and meta-analyses looking at only CTLA4-or PD1-targeted therapies separately, have (like this study) shown that ipilimumab, 46 nivolumab, and pembrolizumab 47, 48 improve survival and tumor response. Furthermore, a recent systematic review and meta-analysis by Yun et al 49 came to similar conclusions, and also found evidence to suggest that anti-PD1 treatment is of greater clinical benefit than anti-CTLA4 treatments. However, it did not include the recent clinical trials conducted by Larkin et al 35 and Postow et al 36 in its quantitative analyses, which were included in this study. However, it did include one study on the unapproved drug tremelimumab, another monoclonal antibody to CTLA4, which did not meet our inclusion criteria, as it is not FDA or EMA approved. Tremelimumab failed to show efficacy in its Phase III clinical trial, and is thus no longer being pursued as a treatment for melanoma. 50 Additional evidence in favor of PD1-targeted therapy has come from the recent KEYNOTE 006 trial, which showed greater PFS, OS, and ORRs with two different dosing regimens of pembrolizumab compared to ipilimumab. 51 Similar to this study though, the safety of ipilimumab especially has been of concern, while nivolumab has in fact been shown to cause an insignificant decrease in adverse events. 47, 48 Immunorelated adverse events have however been reported more frequently for the combination of nivolumab and ipilimumab than for ipilimumab alone, which is consistent with the poorer tolerability of combination therapy reported in this study. 47, 52 These immunorelated adverse events range from mild and self-limiting to life-threatening organ inflammation, and although they respond well to steroids and in severe cases infliximab, prophylactic budesonide failed to reduce the rate of grade ≥2 diarrhea in ipilimumabtreated patients. 53 Combination therapies with multiple checkpoint inhibitors and/or with other treatments, such as signal transduction inhibitors (BRAF/MEK), remain an important avenue to explore, in order to obtain the maximum survival benefit of checkpoint inhibitors in advanced melanoma. In this study, even with a combination of ipilimumab and nivolumab, some 40% of patients nevertheless failed to respond to treatment, while still remaining at risk of toxicity. Predictive biomarkers capable of giving a pretreatment indication of the risk:benefit ratio in an individual patient may thus improve the use of checkpoint inhibitors, especially as several new checkpoint inhibitors with novel targets are coming close to market release. This means that choosing the best combination of drugs to prescribe may become difficult, which is especially problematic in advanced melanoma, where the poor prognosis makes a trial-and-error approach to treatment inappropriate.
Based on the findings of this study, the focus of future research should thus be on two areas: 1) determining the optimal use of checkpoint inhibitors, specifically in terms of combination therapy and the optimal duration, constellation, and sequence of such treatment; and 2) identifying reliable biomarker algorithms to predict responders and guide treatment assignments. Identifying reliable biomarkers to guide the use of checkpoint inhibitors may not only spare nonresponders from adverse effects and maximize benefit in responders, but also suggests novel drug targets. Moreover, carefully designed dose-ranging studies may also be helpful in determining the duration of treatment required to achieve optimal effect without causing undue side effects, given the results in this study showing prolonged survival with combination treatment despite increased rates of discontinuation. 35, 36 Studies on combination treatments, such as the Phase I/ II KEYNOTE 022 study, which combines pembrolizumab with the MEK inhibitor trametinib and the BRAF inhibitor dabrafenib are under way, 54 as are studies looking at potential biomarkers, such as tumor genomics, with a recent study on pembrolizumab for colorectal carcinoma showing that mismatch-repair status predicted clinical benefit. 55 While BRAF mutation status has been shown not to affect the efficacy of checkpoint inhibitors, 56 further studies are needed to clarify the usefulness of PDL1 status as a predictive marker. The Larkin et al study 35 found a nominally greater tumor response in PDL1-positive patients treated with nivolumab alone or combined with ipilimumab compared to ipilimumab alone, while the Postow et al study 36 found that tumor response was independent of PDL1 status. Finally, validating the new immunorelated response criteria, and incorporating them into clinical trials, along with the development of clearer guidelines on the management of checkpoint inhibitor-induced toxicities may improve the study and safe use of checkpoint inhibitors. 
Conclusion
This meta-analysis has found that checkpoint inhibitors provide a statistically significant advantage over control interventions for PFS, OS, and BORR in patients with unresectable stage III or IV melanoma, without significantly worsening tolerability. The combination of ipilimumab and nivolumab was the most effective, but not surprisingly was less tolerable than monotherapy. Reliable and predictive biomarkers, along with clear guidelines for the optimal use of checkpoint inhibitors, holds the potential of improving the prognosis of patients with advanced melanoma, and moving immunotherapy toward becoming the fourth generation of cancer treatment, along with surgery, chemotherapy, and radiotherapy.
